Studies of genetic variation can clarify the role of geography and spatio-temporal variation of climate in shaping demography, particularly in temperate zone tree species with large latitudinal ranges. Here, we examined genetic variation in narrowleaf cottonwood, Populus angustifolia, a dominant riparian tree. Using multi-locus surveys of polymorphism in 363 individuals across the species' 1800 km latitudinal range, we found that, first, P. angustifolia has stronger neutral genetic structure than many forest trees (simple sequence repeat (SSR) F ST = 0.21), with major genetic groups corresponding to large apparent geographical barriers to gene flow. Second, using SSRs and putatively neutral sequenced loci, coalescent simulations indicated that populations diverged before the last glacial maximum (LGM), suggesting the presence of population structure before the LGM. Third, the LGM and subsequent warming appear to have had different influences on each of these distinct populations, with effective population size reduction in the southern extent of the range but major expansion in the north. These results are consistent with the hypothesis that climate and geographic barriers have jointly affected the demographic history of P. angustifolia, and point the importance of both factors as being instrumental in shaping genetic variation and structure in widespread forest trees.
INTRODUCTION
Widespread, ecologically dominant forest tree species provide excellent opportunities to explore the relative influences of climate and geography on demographic history and selection (Savolainen et al., 2007) . Across their broad ranges, such species span large environmental gradients, and populations are often locally adapted. For example, growth and phenology traits are moderately to strongly heritable and display climatic clines (Howe et al., 2003; Savolainen et al., 2007) . Furthermore, repeated Quaternary glacial cycles have had a pronounced effect, seen in both the past and current distribution of species, even in areas that were free of ice during the last glacial maximum (LGM, ca 18 000 years ago; Frenzel et al., 1992; Jackson and Weng, 1999; Hu et al., 2009) . These climatic shifts impacted population size, subdivision and migration, leaving genetic signatures in genome-wide patterns of polymorphism and influencing patterns of natural selection (Ingvarsson, 2008; Keller et al., 2010 Keller et al., , 2011 Ma et al., 2010; Levsen et al., 2012; Cushman et al., 2014; Evans et al., 2014; Zhou et al., 2014) .
Investigating patterns of diversity across putatively neutral and potentially adaptive genes controlling ecologically important traits can provide insight into the importance of neutral demographic and selective forces in forest trees (Ma et al., 2010) , identify potential targets for tree breeding programs (Howe et al., 2003) and aid conservation practices by clarifying the role of climate change as a driver of evolution (Savolainen et al., 2007; Alberto et al., 2013) . In areas covered by ice sheets during the LGM, several studies have found evidence of recent expansion. Ingvarsson (2008) and Ma et al. (2010) found support for models of population bottlenecks and expansion in P. tremula, as did Keller et al. (2010) in a sample of P. balsamifera, and Zhou et al. (2014) in P. trichocarpa. Outside of regions covered by Pleistocene ice, Eckert et al. (2010) found evidence of expansion from multiple refugia for Pinus taeda based on patterns of population structure. Although these studies have found evidence of expansion since the LGM, warming and drying of southern range portions could reduce regional suitability for some species, leading to population contraction. If this is the case, then local dynamics could vary across a species' range after the LGM, which has yet to be inferred from patterns of genetic variation.
Narrowleaf cottonwood, Populus angustifolia James (Salicaceae), is well-suited to test hypotheses regarding the effect of climate change on temperate species across regions that have warmed and dried considerably since the LGM. This tree is native to North America, diploid, dioecious, wind pollinated and dispersed by wind and water. It is relatively flood tolerant, reproduces sexually and vegetatively, and occurs in riparian habitats in intermountain valleys and along the Rocky Mountains, from southern Arizona northward to southern Alberta, Canada (Cooke and Rood, 2007) . Climate and photoperiod vary strongly along this latitudinal gradient, with mean annual temperature ranging from 5 to 13°C. Narrowleaf cottonwood hybridizes with other species of Populus throughout its range and where species co-occur, it grows at elevations higher than that of P. deltoides or P. fremontii, but lower than that of P. trichocarpa or P. balsamifera, and typically in relatively small, disjunct woodlands separated by river drainages (Floate, 2004; Cooke and Rood, 2007) .
Here we examine patterns of diversity at putatively neutral and coding sequences to examine current population structure and infer past demographic events since the LGM. We are specifically addressing the following three questions: (1) what is the role of geographic barriers in genetically structuring populations of P. angustifolia? We used neutral genetic markers (SSRs and sequenced loci) to address this question. (2) Did the LGM (ca 18 000 years ago) and subsequent warming influenced P. angustifolia populations? We used two distinct demographic analyses, to test whether population divergences in the north or south of the range coincided with the LGM, and whether population sizes changed subsequent to the LGM. (3) Do vegetative phenology candidate genes show patterns of nucleotide variation consistent with divergent selection? The candidate genes we tested included two phytochrome B (PHYB) genes and an APETALA 2/ethylene-responsive element-binding factor (AP2/ERF) family transcription factor. In Populus, phytochromes are strongly implicated in the photoperiodic control of dormancy (Howe et al., 2003; Ma et al., 2010) . Phytochromes are light-sensing proteins that respond to red and far-red light cues, and phytochrome B2 (PHYB2) has been associated with daylength-driven budset in P. tremula (Ma et al., 2010) . AP2/ERF is a large family of 200 genes in Populus that are involved in a number of stress responses (Zhuang et al., 2008) and potentially in dormancy induction (Rohde et al., 2007) . In P. euphratica, expression of an AP2/ERF locus is induced by cold and drought (Chen et al., 2009) . Ethylene-responsive factor 61 (ERF61 = EBB1 = PtERF-B1-2) contains a typical AP2/ERF-binding domain (Zhuang et al., 2008) , and has been implicated in date of leaf flush in Populus based on activation tagging (Yordanov et al., 2014) . Because of their role in tree development, we hypothesized that these phenology candidate genes would show evidence of divergent selection.
MATERIALS AND METHODS

Plant materials
In January-February 2009, we collected branch cuttings from 447 trees from the drainages of nine rivers, spanning ca 1800 km across the full latitudinal range of P. angustifolia (Figure 1a) . These collections represent a strong latitudinal and climatic cline, and also cover large geographic disjunctions in the range of P. angustifolia (Geographical collections in the online Supplementary Information). We collected leaf material from the rooted, potted cuttings during September 2009, and extracted total genomic DNA from ca 6 mg of dried leaf tissue using DNeasy 96 Plant Kits (Qiagen, Valencia, CA, USA).
PCR and sequencing methods
To investigate neutral genetic variation, we used a combination of SSRs and sequenced loci. We chose 24 SSR loci (Supplementary Table 1 ) from a publically available list identified by the Populus trichocarpa Genome Project (Tuskan et al., 2004;  http://www.ornl.gov/sci/ipgc/ssr_resource.htm). These loci have reliable repeat motifs, most are tri-or tetranucleotide repeats, are easily amplified, and are distributed throughout the genome. PCR amplifications were carried out in 18 μl volume reactions, with 1.5 μl (10 ng μl − 1 ) template DNA, 0.17-0.22 μl of 10 μM primer, 0.11 mM dNTPs, 0.75 U Taq polymerase, 1.1 × PCR Buffer and 2.78 mM MgCl 2 . Cycling conditions consisted of the following: 1 cycle at 95°C (5 min); 9 cycles of touchdown at 95°C (15 s), 58°C (15 s, decreasing 1°C each cycle), 72°C (30 s); 20 cycles at 95°C (15 s), 50°C (15 s), 72°C (30 s); and 1 cycle at 72°C (3 min). Forward primers were end-labeled with FAM, HEX, NED, PET or VIC fluorescent dye (Applied Biosystems (ABI), Foster City, CA, USA) and PCR products were analyzed on an ABI 3730 × l automated sequencer (ABI) using Genescan LIZ 500 or LIZ 600 internal size standard (ABI). Alleles were sized and scored using Genemapper v4.0 (ABI), and all genotypes were manually checked for accuracy.
After removing clonal ramets and putative interspecific hybrids (Clone Identification and Hybridization in the online Supplementary Information), our final SSR analyses were performed using 363 unique P. angustifolia individuals (Figure 1) .
In a subset of 6-12 individuals per population, we sequenced 10 putatively neutral control loci to complement the neutral SSR data set for our demographic analyses. We also sequenced the phenology candidate genes PHYB1 (48 kb), PHYB2 (47 kb) and ERF61 (42 kb) to test our hypothesis regarding divergent selection (Supplementary Tables 2-4 ). These sequenced regions spanned introns, exons, and flanking noncoding regions. The 10 control loci were randomly chosen as a subset of those used by Olson et al. (2010) to allow direct comparison of our data from P. angustifolia to those from P. balsamifera. In that study, which examined genome-wide polymorphism patterns, but not demography, samples spanned subpopulations across the entire range of P. balsamifera, and were therefore similar to our collections.
Sequenced loci (Supplementary Tables 2-4) were amplified in 20 μl volumes, with 15 ng template DNA, 0.2 mM dNTPs, 0.4 μM each primer, 0.8 U Taq polymerase, 1 × PCR buffer and 2 mM MgCl 2 . Cycling conditions consisted of 1 cycle at 95°(5 min); 30 cycles at 95°(15 s), 60°(30 s), 72°(90 s); and 1 cycle at 72°(7 min). We directly sequenced PCR products in both directions using ABI Big Dye Terminator v3.1 chemistry on an ABI 3730 × l sequencer. We compiled sequences for each individual using Seqman (DNAStar, Lasergene, Madison, WI, USA) and manually checked all variants, including single-nucleotide polymorphisms (SNPs) and insertion-deletion (indel) polymorphisms. We aligned all sequences at each locus using Clustal X (Larkin et al., 2007) , manually checked the alignments and determined the gametic phase of haplotypes using PHASE v. 2.1 (Stephens et al., 2001) as implemented in DnaSP v.5 (Librado and Rozas, 2009 ) using 6000 steps through the Gibbs chain, with a 1000-step burnin period.
Neutral population structure and polymorphism
To examine patterns of genetic diversity across our collection, we first estimated standard polymorphism indices using DnaSP, including Watterson's θ, nucleotide polymorphism and divergence from P. trichocarpa. We tested for evidence of non-neutral evolution by estimating Tajima's D in DnaSP for each locus within each population and over all populations (Supplementary Table 4 ) and performing 10 000 neutral coalescent simulations, as implemented in DnaSP conditioned on Watterson's θ. To assess neutral population structure, we performed an analysis of molecular variance (AMOVA) among source rivers using the SSR data and the control loci SNPs independently, implemented using Arlequin v.3.1 (Excoffier and Lischer, 2010) . We estimated 95% confidence intervals (CIs) using 20 000 bootstrap replicates, resampled over loci and tested the correlation between pairwise F ST values and geographic distances among populations using a Mantel test with Arlequin using 1000 permutations. Similarly, we tested the correlation of F ST estimates between the marker types using a Mantel test.
To examine genetic groupings in the 363 unique P. angustifolia individuals (using SSRs) or 86 individuals (sequenced loci, control and candidate genes separately), we used the program STRUCTURE 2.3.3 (Falush et al., 2003) . We used the admixture model with correlated allele frequencies, running 10 iterations each with 15 000 burnin steps, followed by 20 000 steps through the MCMC chain for each of K = 1 to K = 10. Visual inspection of chains indicated that convergence was reached and the chains had mixed well. To choose the best K, the ΔK statistic (Evanno et al., 2005) was estimated using Structure Harvester (Earl and VonHoldt, 2012; Supplementary Figure 1) . CLUMPP (Jakobsson and Rosenberg, 2007) was used to combine the results of the 10 replicate runs, and DISTRUCT (Rosenberg, 2004) was used for visualization.
Based on the findings of STRUCTURE groupings, we performed hierarchical AMOVA using Arlequin, with river of origin nested within STRUCTURE group. We did this for K = 2 groups using all rivers, and K = 3 groups excluding the UTOC river, which appears admixed using the SSR data. This analysis tested whether the large regional genetic groupings (STRUCTURE groups) account for most of the differentiation, or whether rivers remained differentiated from one another within these groups.
Demographic history
We performed two different analyses to investigate different aspects of demographic history. The goal of the first was to determine if population structure in P. angustifolia existed before the LGM. We used IMa2 (Hey, 2010) to simultaneously estimate divergence times, effective population sizes (N e ) and migration rates among three regional groupings of populations (see results from the STRUCTURE analysis): a northern region (ABOR, WYSR, UTWR), a central region (UTCC, UTBR, UTIC) and a southern region (AZPW, AZBR). We estimated these parameters using the combined SSR and control loci SNP data set for two different population divergence models: first using a model in which the northern population diverged before a central/southern divergence, and second using a model in which the southern population diverged before a northern/central divergence (Supplementary Figure 2 and IMa2 Analysis of Demographic History in the online Supplementary Information). These divergence models were based on the geographical orientation of the species and the major groupings identified in STRUCTURE. We did not test a model in which the central population diverged before a northern/southern divergence because of the strong latitudinal orientation of the populations (Figure 1 ). For each model, we used seven independent instances, each with randomly generated initial parameter values, with a total of 243 050 (northern divergence first) or 53 258 (southern divergence first) sampled genealogies after burnin periods of 10 6 samples. Using multiple independent instances of the model, different starting parameter values, increases confidence in the posterior estimates of the model. Both models had similarly variable posterior credible intervals, and the independent runs generally converged; therefore, we were confident that both had sufficiently searched the parameter space. For scaling the genetic parameters to individuals and years, we used a generation time of 15 years and mutation rate per base per year (μ) of 2.5 × 10 − 9 (Tuskan et al., 2006) , similar to other studies in Populus (Ingvarsson, 2008; Keller et al., 2010 Keller et al., , 2011 Levsen et al., 2012) .
Our second analysis assessed patterns of recent population growth and decline after the LGM, which has been linked to N e bottlenecks and subsequent expansion of P. trichocarpa (Zhou et al., 2014) . We therefore used the program MIGRATE (Beerli, 2006) to estimate N e and all pairwise migration rates, as well as N e changes through time for each of the three STRUCTURE groups. We used the same set of three groupings as with the IMa2 analyses described above and the 10 sequenced control loci. We used uniform priors for both effective population size (θ = 4N e μ) and mutation-scaled migration (M = m/μ) with ranges (0, 0.15) and (0, 5000), respectively. We used six heated chains with temperatures of 1, 100, 1000, 5000, 10 000 and 100 000; a 10 000-step burnin; and a collection period of 48 750 000 steps, sampling only every 65th step for a total of 750 000 recorded steps. We examined changes of N e through time with the Bayesian skyline plots in MIGRATE, as was done for P. trichocarpa (Zhou et al., 2014) . We used the same estimates of generation time and μ as above to scale parameters to demographic units.
Tests of selection
We first performed the same set of analyses using the candidate gene SNPs as we performed with the control loci SNPs, including STRUCTURE, AMOVA and Mantel tests. We then compared patterns of differentiation for candidate genes to the putatively neutral control genes using both F ST and the among population component of π (π T-S ) as our estimate of among-population genetic differentiation (Charlesworth, 1998) . We also tested for differences in the rate of accumulation of silent polymorphisms within and between species across multiple loci using the Hudston-Kreitman-Aguadé (HKA) test (Wright and Charlesworth, 2004) test and for differences in the rate of synonymous and nonsynonymous mutation using the McDonald-Kreitman tests (McDonald and Kreitman, 1991) using DnaSP.
RESULTS
Diversity and polymorphism
We genotyped all individuals at 24 SSR loci and sequenced 422.8 kb in more than 80 individuals (Supplementary Table 1) . F IS was, on average, weakly positive in most populations, unsurprising given the clonal nature and isolated habitat of P. angustifolia (Supplementary Table 1 ). Indels were found in all three phenology genes, including two polymorphic deletions within the coding region of ERF61, deleting one and three amino acids, respectively. A premature stop codon was found in the third exon of PHYB1 based on the P. trichocarpa reference genome sequence (Tuskan et al., 2006) . Because this mutation was fixed in all sequenced P. angustifolia, diversity measures were estimated using this premature stop codon as the end of the coding region. The rate of nonsynonymous to synonymous substitutions and divergence from P. trichocarpa remained «1 (Supplementary Table 4 ), indicating that the truncated locus may still be under purifying selection, particularly given that it is fixed within the species. The relatively old divergence times among populations and limited migration (see below) suggest that there has been sufficient time to accumulate nonsynonymous polymorphisms if the locus were a pseudogene. A total of 346 SNPs were found across all loci, or approximately 1 SNP per 66 bp (Supplementary Table 4 ). Average overall nucleotide diversity (π) was 0.00381 (θ = 0.00335), and somewhat lower in each of the individual subpopulations (Supplementary Tables 4 and 5) . Overall diversity was similar to P. balsamifera (π = 0.00334; θ = 0.00335). Estimates of nonsynonymous diversity tended to be lower than those of silent (synonymous+noncoding) diversity (Supplementary one locus showed any evidence of deviation from the expected Tajima's D (Po0.01), and only 3 of the 10 control loci were positive overall (Supplementary Table 4 ).
Population structure
Two lines of evidence demonstrated strong population structure in P. angustifolia. First, our STRUCTURE analyses clearly supported the presence of multiple groups, representing the highest hierarchical level of differentiation identified in our sample (Figures 1b-d and Supplementary Figure 1 ). Patterns differed somewhat for different sets of loci. The SSRs showed clear evidence of three groups, corresponding to major geographical regions: (1) the southern range along the Mogollon Rim in Arizona, (2) the center of the range in the central and southern Wasatch Mountains in Utah and (3) the northern Wasatch and Rocky Mountains. There were clear genetic discontinuities among these regions, with only collections from Oak Creek, Utah, exhibiting evidence of overlap. Within these three regional genetic groupings, we found genetic structure primarily among rivers (Supplementary Figure 3) . The results from control locus and candidate gene SNPs were somewhat different (Figures 1c and d) . For both sets of SNPs, the southern grouping was divergent, but there was little distinction between the northern and central groupings. Second, we found strong overall differentiation among a priori defined populations using SSRs (F ST (95% CI) = 0.21 (0.16-0.26)), as well as using control locus SNPs (F ST (95% CI) = 0.27 (0.21-0.33)). Patterns of pairwise SNP F ST were correlated to those found using SSR loci (Mantel R = 0.86, Po0.001). F ST (95% CI) of the candidate genes was 0.29 (0.24-0.34) for PHYB1, 0.25 (0.19-0.31) for PHYB2 and 0.41 (0.31-0.51) for ERF61. Mantel tests of pairwise F ST between phenology candidate genes and SSRs were significant (all Mantel R ⩾ 0.54, P ⩽ 0.003), indicating that the phenology candidate genes generally followed patterns similar to those of neutral loci.
Finally, a weak (SSR Mantel R = 0.31) but nonsignificant (P = 0.15) relationship existed between pairwise geographic distance and genetic Figure 2 IMa2 demographic analyses in three populations of P. angustifolia as estimated in IMa2 using a population model in which the northern group diverged before a southern-central divergence. Posterior densities of (a) population splitting times, (b) effective population sizes and (c) population migration rates (2N e m). In a, x-axis has been truncated to 3 million years.
differentiation. SNPs showed similar patterns (all candidate gene Mantel R40.22, control loci Mantel R = 0.36, all P40.08). Despite this lack of significant geographic signal, the AMOVA at the source river level showed that greater differentiation occurred between populations from different STRUCTURE groups versus populations from the same group, although many pairs of populations within regions were still significantly differentiated (for example, pairwise F ST 40.1, Po0.001, Table 1 ). Our hierarchical AMOVA demonstrated that a large fraction of the variance results from among regional genetic group variation. However, a significant proportion of the variance remains among rivers within these groups (Table 2) , which were clearly latitudinally oriented (Table 1, Figure 1 and Supplementary Figures 2 and 3) .
Demographic history
Our demographic history analysis using IMa2 resulted in three main findings (Table 2, Figures 2 and 3) . First, the modal estimates and 95% Figure 3 IMa2 demographic analyses in three populations of P. angustifolia as estimated in IMa2 using a population model in which the southern group diverged before a northern-central divergence. Posterior densities of (a) population splitting times, (b) effective population sizes and (c) population migration rates (2N e m). In a, x-axis has been truncated to 3 million years. credible intervals of all divergences clearly predate the LGM (ca 18 000 years ago). This was true for both the northern divergence first model as well as the southern divergence first model (Figures 2a and 3a) . The credible intervals were quite large, however, indicating little confidence in either the order of divergence or the exact time. Second, the extant effective population size estimates were all considerably smaller than the ancestral population estimates (Table 3 , Figures 2b and 3b) . Posterior distributions of ancestral population sizes plateaued. However, both had strong modal peaks that indicated much larger ancestral effective population sizes than the estimates for extant populations. Furthermore, N e of the northern and central groupings was substantially larger than the southern population. These patterns remained, regardless of the divergence model used.
Third, migration among populations appeared to be largely limited to gene exchange between the current northern and central populations (Table 3, Figures 2c and 3c ). Extensive unidirectional gene flow was inferred from the central/southern ancestor to the northern population in the northern divergence first model.
Our analysis using MIGRATE indicated that both the northern and central groupings are substantially larger than the southern, consistent with the IMa2 analysis ( Table 3 ). The long-term N e estimate of the central group was smaller than the northern; however, the 95% credible intervals substantially overlapped. Patterns of migration mirrored those found with IMa2, indicating little migration of the northern or central group with the southern population.
Patterns of N e over time, however, revealed strikingly different trends among the three groupings (Figure 4 ). Scaled to demographic units, before 80 000 years ago all three populations were of similar effective size (ca 15 000 individuals). Although strong declines in the northern and southern groups began roughly 40 000 years ago, the southern population continued this decline even more rapidly in the very recent past. The northern group apparently rebounded beginning approximately 20 000 years ago and continues to expand. The central population remained relatively constant, with possible recent growth. Nonsynonymous  and  silent diversity  estimates  differed  (Supplementary Table 4 ), but there was no indication that the rate of evolution differed among genes when only phenology candidates were compared with control loci, together or individually (all HKA P40.3). In addition, the ratio of polymorphism to divergence at synonymous to nonsynonymous sites gave no indication for departures from neutrality (McDonald-Kreitman test, P40.1 for all loci). Similarly, observed π T-S for candidate genes were similar to estimates using control loci (Supplementary Tables 4 and 5 ). Overall patterns of structure were similar to SSRs and control loci, as indicated by the strong Mantel correlation of F ST estimates between candidate gene SNPs with both SSRs and control locus SNPs (all Mantel R ⩾ 0.54, P ⩽ 0.003).
Selection in phenology candidate genes
DISCUSSION
Population structure
Compared with its congeners (reviewed by Slavov and Zhelev, 2010) , genetic structure across the range of P. angustifolia is much stronger than expected. P. angustifolia is dioecious with putatively long-distance dispersal of pollen and seed, traits that are expected to minimize population structure (Hamrick and Godt, 1996) , as has been shown in other species (for example, Namroud et al., 2008) . Three factors could explain this result. First, P. angustifolia is a riparian species that grows primarily in isolated, montane canyons throughout much of its range. In the most northern populations, it is even more limited in distribution, being elevationally restricted between two other Populus species (Floate, 2004; Cooke and Rood, 2007) . This discontinuous range at both broad and local scales could be limiting gene flow, even between adjacent rivers (Table 1 and Supplementary Figure 3) .
Second, the range of P. angustifolia spans several major geographic features. One of these is the unsuitable arid lands that separate the genetically distinct populations on the Mogollon Rim, Arizona, from those growing in Utah (Figure 1) . A second division occurs between the northern and central Wasatch Mountains, Utah. This corresponds to the northern and central STRUCTURE groups found using SSRs. Weaker but still highly significant structure is observed with the SNPs between these two areas (for example, F ST between UTWR and UTCC is 0.16 and 0.19 for SSRs and control loci SNPs, respectively). The apparent area of overlap or admixture in the Oak Creek, Utah, area may result from recent gene flow or may be resolved with more loci in future studies. The difference in STRUCTURE groupings between SSRs and sequenced loci (K = 3 vs K = 2, respectively), may be due to the smaller number of loci or mutation rate of nucleotide substitutions compared with SSRs. However, similar patterns were found using hierarchical AMOVA and pairwise F ST analyses, suggesting that structure exists at large regional scales as well as among individual rivers, a result seen in other Populus species (Cushman et al., 2014; Evans et al., 2014) .
Although overall structure is relatively weak in many forest trees (for example, Namroud et al., 2008) , differentiation of populations from range-wide collections tends to be stronger than that of more local collections (Ingvarsson, 2005; Keller et al., 2010; Slavov et al., 2012; Cushman et al., 2014; Evans et al., 2014; Zhou et al., 2014) . For instance, Heuertz et al. (2006) found that across large geographic distances, Picea abies is strongly differentiated across large geographic barriers, with F ST estimates approaching those that we found among genetic groupings. Therefore, even though many forest trees have extensive potential for long-distance dispersal (Savolainen et al., 2007) , they can still develop strong neutral genetic structure across large spatial scales and geographic barriers. This is supported by the estimates of migration among groups, with the southern population being the most isolated. Third, the northern and southern regions of the range would have experienced very different environmental conditions during Quaternary glacial cycles (Frenzel et al., 1992) , which likely resulted in contrasting demographic effects, as discussed next.
Polymorphism and demographic history Polymorphism levels in P. angustifolia were high, as is expected for forest trees (Hamrick and Godt, 1996) . Patterns of polymorphism were generally consistent with purifying selection and similar between phenology candidate genes and control loci, indicating that these genes, on the whole, were not affected by strong divergent selection. These findings are similar to a recent study of P. balsamifera photoperiodic genes, including PHYB1 and PHYB2, in which most loci showed no evidence of stronger differentiation than that expected under a selectively neutral demographic model (Keller et al., 2011) . The strong genome-wide latitudinal clines in P. angustifolia, which covary with the expected patterns of selection in climate-related traits, make identifying signatures of selection difficult.
The three P. angustifolia groups that we detected appear to have similar long-term effective population sizes. This finding is surprising given the much smaller census size in the southern part of the range where the species is primarily restricted to small numbers of individuals along fewer perennial streams, compared with extensive gallery forests along major waterways in the north. Nevertheless, estimates of π and extant N e estimates obtained using IMa2 and MIGRATE were qualitatively similar among the three groups (Tables 2  and 3, and Supplementary Table 5 ). The northern group had higher estimated N e than the southern group, but 95% credible intervals largely overlapped, indicating that the long-term N e is similar. Contemporary migration appears to occur mostly between the Northern and Central populations (Table 3) .
The fact that ancestral P. angustifolia populations were larger than extant subpopulations could reflect bottlenecks after these subpopulations diverged, similar to such bottlenecks in two other Populus species (Ingvarsson, 2008; Keller et al., 2011) . The overall estimate of nucleotide diversity was slightly higher than that of P. balsamifera (Table 4 ), suggesting that the long-term effective population sizes of these two species are similar. This fact is surprising given that the range of P. balsamifera is much larger than that of P. angustifolia (Cooke and Rood, 2007) , but P. balsamifera likely experienced a range-wide bottleneck after the LGM (Keller et al., 2010) . These Pleistocene glacial cycles are also hypothesized to have driven the Table 4 Hierarchical AMOVA results using the K = 2 or K = 3 STRUCTURE groupings, for the SSRs, the control sequenced loci and the candidate genes separately divergence and allopatric distributions of P. trichocarpa and P. balsamifera (Breen et al., 2012; Levsen et al., 2012) .
As areas outside of the maximal extent of the ice sheets were impacted by altered climate during glacial cycles (Frenzel et al., 1992; Jackson and Weng, 1999; Hu et al., 2009) , it is likely that populations throughout the range of P. angustifolia were altered by these cycles as well. The estimated times of divergence significantly predate the LGM, indicating that the current genetic groupings existed before the last major glacial period, regardless of the divergence model used (Table 2) . Interglacial periods would have restricted southern populations to isolated pockets, but during glacial maxima, northern populations would have been restricted. This is consistent with our findings of the change in N e through time, which showed a continuing decline in the southern region, a drastic expansion in the north, and a moderate recent increase in the center after the LGM, roughly 18 000 years ago (Figure 4) . The negative Tajima's D estimates for many loci (Supplementary Table 4 ) also support a recent expansion. Other North American tree species support the hypothesis of impacts of past climate on population sizes and distributions. In a latitudinally oriented study of Picea sitchensis, Holliday et al. (2010) found support for an historical bottleneck and expansion, and also found negative Tajima's D, as did a study of Picea aibes in Eurasia (Heuertz et al., 2006) . In P. trichocarpa of the central and northern Pacific Northwest, populations have expanded rapidly since the LGM (Zhou et al., 2014) . Quaternary climate changes have also been hypothesized to have driven the decline of a now-extinct species of Picea in the southeastern United State, far outside of the ice sheet distribution (Jackson and Weng, 1999 ). Thus, current P. angustifolia genetic subdivision likely reveals the existence of multiple Pleistocene populations, similar to hypotheses about P. trichocarpa (Slavov et al., 2012) , P. balsamifera (Breen et al., 2012) and Pinus taeda (Eckert et al., 2010) . Among these P. angustifolia subpopulations, however, N e changes in the recent past reflect drastically different impacts of western North America climate.
CONCLUSIONS
Our surveys of polymorphism throughout the latitudinal range of P. angustifolia demonstrate that geographical barriers and climate fluctuations jointly shape genetic variation and structure in this species. The intricate geography and climatic history, combined with the likely existence of Pleistocene population structure, appears to lead to distinct dynamics across its range, as seen in comparisons between the northern and southern subpopulations. For species with strong latitudinal distributions and isolated marginal populations (for example, many plant species along the coastal ranges of North America and along the Rocky and Appalachian Mountains), such dynamics may be common (Alberto et al., 2013) . For example, complex alternative hypotheses have been proposed to explain genetic patterns found in Pacific Northwest species involving refugia, vicariance, recent colonization and growth (Brunsfeld et al., 2001) . Paradoxically, the strong signal in neutral loci left by these processes makes it particularly difficult to test whether divergent selection has occurred in candidate genes. Despite this, understanding neutral demographic processes is important, because they can aid our understanding of current climate change as a driver of evolution (Alberto et al., 2013) , and help identify genetically unique populations that may warrant special management consideration. This is particularly relevant for a species like P. angustifolia, which in the southern part of the range is narrowly distributed in isolated drainages and potentially threatened by rapidly changing climate (Gitlin et al., 2006) .
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